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Summary. The reaction between [Cu(NCMe)4][PF6] and 1,10-bis-(diphenylphosphino)-ferrocene

(dppf ) in several ratios, solvents, and conditions led to the synthesis and structural characterization of

the Cu(I) complexes [Cu(dppf )(Odppf )][PF6] (1), [(dppf )Cu(�-dppf )Cu(dppf )][PF6]2 (2), and

[(dppf )Cu(�-Cl)2Cu(dppf )] (3). Although 1 and the cation in 2 were known, the ®rst was structurally

characterized for the ®rst time, exhibiting a signi®cant asymmetry in the coordination sphere of Cu(I)

owing to the presence of oxygen. In 2, the PFÿ6 anion led to an interesting crystal packing with large

open channels containing water. Finally, DFT calculations on a model of 3 showed that its HOMO

exhibits, besides Fe, a signi®cant Cu and Cl character, which is re¯ected in its electrochemical

properties.
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Introduction

The complexes of Cu(I) with 1,10-bis-(diphenylphosphino)-ferrocene (dppf) have
been extensively studied in recent years leading to species containg one or more
copper atoms with dppf prevailing as chelate (Scheme 1a) or as a bridging ligand
(Scheme 1b) [1].

The role played by Cu(I) dimers in proteins such as hemocyanin (oxygen
transport) or cytochrome oxidase (oxygen binding) [2] has made the study of such
compounds particularly interesting. In mononuclear complexes, Cu(I) tends to adopt
a tetrahedral coordination sphere or, less frequently, a triangular arrangement in
accordance with the d10 electron count. Although tetraphosphine Cu(I) complexes
have been synthesized and structurally characterized [3], the related [(dppf )2Cu]�
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cation has never been described. Cu(I) cationic complexes are also interesting
precursors for the formation of solids using different counterions, leading to new
structures and arrangements [4]. On the other hand, organometallic ligands such as
dppf immediately lead to polynuclear complexes upon coordination and are
therefore extremely useful in preparing polymetallic species where the commu-
nication between metal centers can be studied and which may exhibit interesting
properties [5]. In order to obtain [(dppf )2Cu]� and other polynuclear complexes,
reactions of [Cu(NCMe)4][PF6] with dppf were carried out under different con-
ditions. DFT calculations [6] were performed in order to understand the cyclic
voltammetry results with respect to the competition between Fe(II) and Cu(I) con-
cerning oxidation.

Results and Discussion

Chemical studies

The reaction between [Cu(NCMe)4][PF6] and dppf was studied, and different
products were isolated depending on the reaction conditions. When the reaction was
carried out in ethanol, an orange solid was obtained. Vapor diffusion of ether into a
solution of the compound led to the growth of crystals suitable for X-ray diffraction
studies. The ®rst batch of crystals was identi®ed as [Cu(dppf )(OP(Ph)2C5H4-

FeC5H4P(Ph)2)][PF6] (1), OP(Ph)2C5H4FeC5H4P(Ph)2 being represented as Odppf.
1 is similar to the mixed complex [Cu(O2dppf )(dppf )][BF4] where the dioxidized
dppf, OP(Ph)2C5H4FeC5H4P(Ph)2O (O2dppf ), and dppf were used as reagents [1h],
and related to the Cu(II) complex [Cu(O2dppf )2][BF4]2 [1d]. In 1, only one phos-
phorus atom of dppf was oxidized in the course of the reaction, most likely by
reaction with the solvent (ethanol) or water (small amounts present in ethanol). This
compound has been obtained before, but no structural characterization has been
performed [1c]. A second batch of crystals from the same reaction led to the
identi®cation of the pentanuclear complex [(dppf )Cu(�-dppf )Cu(dppf )][PF6]2 (2).
The perchlorate salt of this cation has been characterized before [7].

In another attempt to prepare [Cu(dppf )2]� and to prevent oxidation of the
phosphine, the reaction between [Cu(NCMe)4][PF6] and dppf in a 1:2 ratio was
carried out in dry dichloromethane, and crystals were grown by vapor diffusion
techniques using dry ether. The crystal structure led to identi®cation of the product

Scheme 1
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as the new binuclear complex [(dppf )Cu(�-Cl)2Cu(dppf )] (3). The same product
was obtained from several syntheses with different combinations of solvents
(always dry) and structurally characterized (see below). The direct reaction between
CuCl2 and dppf was attempted in order to isolate the Cu(II) analogue of the dimer.
Orange crystals were obtained and proven to be 3.

Solid state structures

The crystal structures of the three Cu(I) complexes [Cu(dppf )(OP(Ph)2C5H4-

FeC5H4P(Ph)2)][PF6] � 0.5C7H8 (1), [(dppf )Cu(�-dppf )Cu(dppf )][PF6]2 � 0.75H2O
(2), and [(dppf )Cu(�-Cl)2Cu(dppf )] � 0.5CH2Cl2 (3) were determined. Complex 1
contains one copper center, whereas both 2 and 3 have two copper centers. Selected
bond lengths and angles in the copper coordination sphere of complexes 1±3 are
given in Table 1.

The crystal structure of 1 contains an asymmetric unit composed by one
monomeric [Cu(dppf )(Odppf )]� cation and one toluene molecule with an occu-
pation factor of 0.5. A detailed analysis of the structural features of the complex
cation is limited by the low quality of X-ray data (see Experimental). However, the
structure is determined unequivocally and provides a detailed characterization of the
copper coordination sphere.

Table 1. Bond distances (AÊ ) and angles (�) in the Cu(I) coordination spheres of 1, 2, and 3; the prime

denotes the symmetry operation ÿx� 1=2, ÿy� 3=2, ÿz� 2

[(dppf )Cu(Odppf )]� (1)

Cu-P(1) 2.301(7) Cu-P(3) 2.299(9)

Cu-P(2) 2.332(8) Cu-O(1) 2.43(2)

Fe(1)-Cp(1) 1.65(1) Fe(1)-Cp(2) 1.68(1)

Fe(2)-Cp(3) 1.63(1) Fe(2)-Cp(4) 1.64(1)

P(1)-Cu-P(2) 106.5(3) P(3)-Cu-P(1) 116.7(3)

P(3)-Cu-P(2) 125.4(3) P(3)-Cu-O(1) 103.4(6)

P(1)-Cu-O(1) 93.8(6) P(2)-Cu-O(1) 105.5(5)

[(dppf )Cu(�-dppf )Cu(dppf )]2� (2)

Cu-P(1) 2.280(3) Cu-P(2) 2.283(3)

Cu-P(3) 2.260(3)

Fe(1)-Cp(1) 1.666(5) Fe(1)-Cp(2) 1.647(5)

Fe(2)-Cp(3) 1.672(6)

P(1)-Cu-P(2) 111.3(1) P(3)-Cu-P(1) 123.4(1)

P(3)-Cu-P(2) 124.6(1)

[(dppf )Cu(�-Cl)2Cu(dppf )] (3)

Cu-P(1) 2.283(2) Cu-Cl 2.365(2)

Cu-P(2) 2.271(2) Cu-Cl0 2.434(2)

Fe-Cp(1) 1.648(3) Fe-Cp(2) 1.643(3)

Cl-Cu-Cl0 95.9(1) P(1)-Cu-P(2) 111.2(1)

P(1)-Cu-Cl0 99.7(1) P(1)-Cu-Cl 113.2(1)

P(2)-Cu-Cl 116.2(1) P(2)-Cu-Cl0 118.8(1)

Cu-Cl-Cu0 84.1(1)
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In Fig. 1, a molecular diagram of the trinuclear [Cu(dppf )(Odppf )]� cation is
represented, showing the four-coordinated copper center bound to two phosphorus
atoms from a dppf ligand and one phosphorus and one oxygen atom from a
monooxidized dppf ligand (Odppf ). The crystal structures of two related copper
complexes containing two doubly oxidized ligands ([Cu(O2dppf )2]2� (4) [1d]) or
only one O2dppf moiety ([Cu(Odppf )(dppf )]� (5) [1h]) have been determined
before, although the Cu(II) complex 4 cannot be directly compared. The insertion of
one or two oxygen atoms in the Cu(I) coordination sphere has a signi®cant
structural effect on the overall geometry of the complexes 1 and 5. They exhibit a
distorted tetrahedral coordination environment with P(1)-Cu-P(2) and O-Cu-P(3)
bite angles of 106.5(3) and 103.4(6)� in 1 and P-Cu-P and O-Cu-O angles of
110.1(4) and 102.1(6)� in 5. In the Cu(II) complex 4 the four oxygen atoms form a
distorted square-planar arrangement around the metal center, leading to O-Cu-O
bite angles of 154.0(4) and 152.8(4)�. This geometry results from the electronic
preferences of the Cu(I) d9 metal center, in contrast to the preference of Cu(I) d10

centers for a tetrahedral coordination. In complex 1 the three Cu-P distances are
comparable, falling in the range of 2.299(9)±2.332(8) AÊ , but the average Cu-P
distance of 2.311(8) AÊ is slightly longer than that reported for complex 5
(2.271(4) AÊ ). On the other hand, the Cu-O distance of 2.43(2) AÊ in 1 is signi®cantly
longer than found for Cu-O distances in 5 (2.111(7) and 2.114(7) AÊ ). In complex 4,

Fig. 1. PLUTON view of [Cu(dppf )(Odppf )]� (1) showing its overall geometry; for the sake of

clarity, only the atom labeling scheme for the atoms quoted in the text is included
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the shorter Cu-O distances (average value 1.93(1) AÊ ) re¯ect the higher formal
charge on the metal. In complex 1, the two Cp2Fe units of Odppf and dppf exhibit
conformations between staggered and eclipsed, but with different values for the �
torsion angle of the cyclopentadienyl rings. In this work, � is de®ned as the angle
determined by the centroids of two Cp rings and the carbon atoms bound to the
phosphorus atom, attaining values of 67.9 and ÿ22.6� for Odppf and dppf in 1 and
ÿ86.6 and 37.2� for O2dppf and dppf in 5.

Figure 2 presents the molecular structure of the pentanuclear cation
[(dppf )Cu(�-dppf )Cu(dppf )]2� (2). Two (dppf )Cu units are connected by a dppf
bridge in a centrosymmetric arrangement which is crystallographically imposed.
Therefore, the two Cp rings in the centre adopt a perfect staggered conformation
with a torsional angle of 180.0�. In the terminal dppf units, the Cp rings display
again conformations between a staggered and an eclipsed arrangement with �-
values of 37.4�, as found in the tetranuclear systems described above. The angles P-
Cu-P of 124.6(1), 123.4(1), and 111.3(1)� found for two copper centres indicate
distorted trigonal coordination spheres. The Cu-P distances are within the expected
values (see Table 2). The structure of this pentanuclear cation had been determined
before as a ClOÿ4 salt by X-ray analysis [7] whereas here we show the structure of
the PFÿ6 salt. It crystallizes in the space group C2/c; the ClOÿ4 salt consists of one
asymmetric unit composed of two [(dppf )Cu(�-dppf )Cu(dppf )]2� cations and four
ClOÿ4 anions and crystallizes in space group P1.

Interestingly, the complex cation has very similar structures in both salts. In fact,
alignment of the atomic positions of the 113 non-hydrogen atoms of the cations of

Fig. 2. PLUTON view of [(dppf )Cu(�-dppf )Cu(dppf )]2� (2) showing its overall geometry; for

details, see Fig. 1
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the two salts leads to root mean square deviations (rms) of 0.154 and 0.150 AÊ . The
two independent molecules present in the crystal of the ClOÿ4 salt are identical
(rms � 0:023 AÊ ).

The molecular assembly of PFÿ6 anions and [(dppf )Cu(�-dppf )Cu(dppf )]2�

cations results in the formation of large open channels when the crystal packing is
viewed along the crystallographic c axis as shown in Fig. 3. The diameter of the
channels is ca. 10.1 AÊ , which is the average distance between the ¯uorine atoms
sheathing the cavities. These channels accommodate water molecules with occu-
pation factors set to 0.25 and 0.50, respectively (see Experimental). Furthermore,
the PFÿ6 groups are localized on the surface of the walls, suggesting that the crystal
structure is stabilized through hydrogen bonding interactions of the type O±H� � �F.
Unfortunately, the PFÿ6 anions are disordered, and the hydrogen atoms of water
molecules were not included in the re®nement, thus preventing the detailed analysis
of these hydrogen bonds. In contrast to the PFÿ6 salt, the molecular assembly of
[(dppf )Cu(�-dppf )Cu(dppf )]2� and ClOÿ4 results in no speci®c order in the crystal.
Therefore, the replacement of ClOÿ4 by PFÿ6 has a remarkable effect on the crystal
structure channels.

The molecular structure of the tetranuclear complex [(dppf )Cu(�-Cl)2Cu(dppf )]
(3) is shown in Fig. 4. Two (dppf )Cu units are linked by two Cl bridges in a
centrosymmetric arrangement, the center of the Cu(�-Cl)2Cu core being localized at
a crystallographic inversion center.

A CSD search [3] revealed seven complexes in which two dppf transition metal
units are connected by two bridging ligands. Three of them are copper complexes:
[(dppf )Cu(�-I)2Cu(dppf )] (6) [8], [(dppf )Cu(�-NO3)2Cu(dppf )] (7) [8], and
[(dppf )Cu(�2-HCO2)2Cu(dppf )] (8) [8]. Complexes 6 and 7 exhibit the same
arrangement as 3, with two dppf Cu units connected via two bridges of iodide (6) or
oxygen from a nitrate ligand (7). In complex 8 the two bridges are formed by
formate, bridging the metals by two oxygen atoms and thus forming an eight-

Table 2. Molecular dimensions of dimeric Cu(I)dppf derivatives containing Cu-X bridges � and � are

de®ned in the text; general formula: [(dppf )Cu(�-X)2Cu(dppf )]

Distances/AÊ

Angles/�
X�Clÿ 3 X� Iÿ 6 X�NO3

ÿ 7 X�HCO2
ÿ 8

Distances/AÊ

Cu. . .Cu 3.216(2) 3.527 3.429 4.561

Cu. . .Fe 4.060(1) 4.043 3.967 4.058

hCu-Pi 2.277(2) 2.283(9) 2.259(6) 2.260(2)

hCu-Xi 2.400(2) 2.692(6) 2.162(6) 2.083(4)

Angles/�

Cu-X-Cu 84.1(1) 81.8(2) 104.9(3) ±

X-Cu-X 95.9(1) 98.2(2) 72.6(3) 98.1(2)

P-Cu-P 111.2(1) 111.2(4) 117.8(1) 110.8(1)

X-Cu-P 99.7(1)±118.8(1) 100.5(4)±119.1(3) 100.3(3)±130.3(4) 108.0(1)±121.5(1)

� 42.7 41.8 45.1 37.6

� 83.4(1) 85.9 78.5 85.3

Ref This work 8 8 8
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Fig. 3. Crystal packing diagram of [(dppf )Cu(�-dppf )Cu(dppf )][PF6]2 � 0.75H2O (2) view along the

crystallographic c axis, showing how the assembled cations and anions de®ne the channels which

accommodate water molecules

Fig. 4. PLUTON view of [(dppf )Cu(�-Cl)2Cu(dppf )] (3) showing its overall geometry; for details,

see Fig. 1
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membered ring. Structural parameters relevant for the characterization of the Cu(I)
coordination spheres of these tetranuclear systems and 3 are given in Table 2. All
complexes exhibit a distorted tetrahedral coordination. The plane of the bridge,
de®ned in 3 by the two copper centres and the two chlorine atoms, is almost
perpendicular to the plane de®ned by the four phosphorus atoms. The dihedral angle
between these two planes (�) is 83.4(1)� for 3. The Cu� � �Cu distance of 3.216(2) AÊ

in 3 is much shorter than in 6 (3.527 AÊ ), and it is unexpected when compared with
that reported for complex 7 (3.429 AÊ ), since the average Cu-X distances are
2.162(6), 2.340(2), and 2.692(6) AÊ in 7, 3, and 6 (X � O; Cl; I). In other words, the
Cu� � �Cu distance in 3 should be situated between the distances reported for 6 and 7.
However, the Cu-Cl-Cu angle in 3 is smaller by ca. 21� than the Cu-O-Cu angle in
7, allowing a closer approach of the two copper centres in the studied complex. As
expected, 8 exhibits the longest Cu� � �Cu distances (4.561 AÊ ), each bridge involving
the three-atomic carboxylate group of a formate ligand. Cu(I)� � �Cu(I) distances as a
function of the type of bridge have been discussed in detail in Ref. [9].

The two Cp2Fe units in the dppf ligands exhibit identical conformations between
a staggered and an eclipsed arrangement, with torsion angles (�) of 37.6 and 45.1�.
Furthermore, the bite angles P-Cu-P and Cu-P distances are comparable in all
complexes. In 3 the iron centers are located �0.465(3) AÊ above and below of the
least squares plane determined by the two copper atoms and two chlorine bridges.
Deviations of similar magnitudes were found for the other related complexes (Table
2). This geometric arrangement leads to almost constant intermolecular Fe� � �Cu
distances (ca. 4.0 AÊ ) for all complexes. The self-assembling of [(dppf )Cu(�-
Cl)2Cu(dppf )] molecules affords cavities in the crystal which are occupied by
disordered CH2Cl2 solvent molecules with occupancy factors of 0.25.

Voltammetric studies

Cyclic voltammetry of solutions of the dicopper complex 3 as well as of the dppf
ligand for comparison was studied in dry dichloromethane. The cyclic voltam-
mogram of dppf, as described in Ref. [1i], exhibits a one-electron process and a
second peak assigned to the chemical evolution of the primary oxidation product.
The E1=2 value for the ®rst process is 0.698 V under the conditions employed (scan
rate 0.350 V/s). The anodic peak (0.21 V in Ref. [1i]) is observed at 0.302 V. 2
exhibits a simpler behavior under the some conditions, as only one process is
observed at E1=2 � 0:467 V with �E � 0:144 V and ia=ic � 1:19, in surprising
agreement with the value reported in Ref. [1a]. The cyclic voltammetry of 3 has not
been studied before to our knowledge; it presents a series of complicated processes.
The ®rst oxidation takes place at 0.330 mV (0.538 mV for complex 2), and no
reduction counterpart is easily discernible.

DFT calculations

An interesting question arising from voltammetric studies of dppf Cu(I) complexes
is whether oxidation takes place preferentially at Cu(I) or Fe(II) in dppf. As a matter
of fact, ferrocene based ligands have been widely used as probes, owing to the
sensivity of the ferrocene oxidation potential to its surroundings. The deviations are
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usually assigned as perturbations of the Fe(II)/Fe(III) pair. This aspect was also
addressed by Pilloni et al. in their electrochemical studies of complex 2 [1c]. In
order to clarify this point, DFT calculations [6] (ADF program [10]) were performed
on a model of [(dppf )Cu(�-Cl)2Cu(dppf )] where the phenyl groups were replaced
by hydrogen atoms. Complex 2 was also tried, but it exceeded our possibilities and
could not be handled. The geometry of model 3 was fully optimized without
symmetry constraints and found to be in good agreement with the X-ray determined
structure. Indeed, the root mean square deviation between the DFT optimized
structure and the corresponding X-ray fragment was 0.045 AÊ . The Cu� � �Cu distance

was found to be 3.088 AÊ , slightly shorter than the experimental one (3.216 AÊ ). The
two Cu-Cl distances exhibited the same asymmetry as in the structure (2.376 and
2.427 AÊ compared to 2.365 and 2.434 AÊ ).

The HOMO, which is the most important orbital in understanding the electro-
chemical behavior, is distributed among the metal atoms. It is localized mainly in
the two iron atoms (dxy 4.8%, dyz 10.0%, dz2 3.2%, dx2ÿy2 3.9%, dxy 8.6%), but also
in the two copper atoms (dxy 6.5 d%, dz2 2.0%, dx2ÿy2 5.9%) as well as in the
chlorine bridges (5.4% in each). The other contributions are scattered in very small
amounts because of the large total number of atoms. This result suggests that the
oxidation proceeds mainly from iron, but there is a participation of copper(I) in this
process. The role of the Cl bridges is clear, as they also contribute to the HOMO of
the molecule, making it antibonding and facilitating oxidation relative to the
pentanuclear species 2 where such an interaction is absent.

Conclusions

The crystal structure of the monocationic complex 1 was determined, and it was
found that the presence of the oxygen atom introduces a signi®cant distortion in the
coordination sphere of Cu(I). Although the cation present in 2 has been structurally
characterized earlier, the presence of a different counterion leads to a totally
different crystal structure where channels accommodating water molecules are
formed. The dicopper(I) complex 3 was synthesized and also structurally
characterized. DFT calculations showed that although the oxidation of the dppf
derivatives starts at the Fe(II) center, at least in the case of 3 there is a signi®cant
contribution from Cu and Cl to the HOMO.

Experimental

Syntheses

Commercially available reagents and all solvents were purchased from standard chemical suppliers.

All solvents were used without further puri®cation except acetonitrile (dried over CaH2), CH2Cl2
(dried over CaH2), and diethyl ether (distilled from sodium/benzophenone ketyl). [Cu(NCMe)4][PF6]

[11] and dppf [12] were synthesized according to literature procedures. 1H NMR spectra were

recorded on Bruker AMX-300 (300 MHz) and Bruker ARX-400 (400 MHz) NMR spectrometers in

CDCl3 (� � 7:3 ppm), and CD2Cl2 (� � 5:3 ppm). Elemental analyses (C, H) were carried out at

ITQB; their results agreed with the calculated values within experimental error. The IR spectra were

recorded on a Unicam Mattson 7000 FTIR spectrometer (KBr pellets).
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[Cu(dppf )(OP(Ph)2C5H4FeC5H4P(Ph)2)][PF6] (1)

To 20 cm3 of a solution of 0.373 g [Cu(NCMe)4][PF6] (1 mmol) in EtOH, an equivalent amount of

dppf (0.554 g, 1 mmol) dissolved in 20 cm3 toluene was added. The solution was re¯uxed for 2 h and

®ltered; upon cooling, an orange precipitate formed which was isolated, washed with diethyl ether,

and dried under vacuum. Crystals of 1 suitable for X-ray studies were grown by vapor diffusion of

diethyl ether into a solution of 1 in EtOH. 1 was identi®ed by comparison of its 31P NMR spectrum

with that of an authentic sample [1c] and by X-ray crystallography.

[(dppf )Cu(�-dppf )Cu(dppf )][PF6]2 � 0.75 H2O (2)

To 20 cm3 of a solution of 0.373 g [Cu(NCMe)4][PF6] (1 mmol) in dry EtOH, a solution of dppf

(1.120 g, 2 mmol) dissolved in 20 cm3 dry toluene was added. The solution was re¯uxed for 48 h and

®ltered; upon cooling, an orange precipitate formed which was isolated, washed with diethyl ether,

and dried under vacuum (yield: 75%). Crystals of 2 suitable for X-ray studies were grown by vapor

diffusion of petroleum ether into a solution of 2 in CH2Cl2. 2 was identi®ed by comparison of its
31P NMR spectrum with that of an authentic sample [1a] and by X-ray crystallography.

[(dppf )Cu(�-Cl)2Cu(dppf )] (3)

To 20 cm3 of a solution of 0.373 g [Cu(NCMe)4][PF6] (1 mmol) in dry CH2Cl2, a solution of dppf

(1.120 g, 2 mmol) dissolved in 20 cm3 dry CH2Cl2 was added. The solution was stirred for 48 h at

room temperature, and the solvent was evaporated under vacuum. The yellow residue was extracted

with dry CH2Cl2; and addition of dry diethyl ether led to the precipitation of a yellow solid (yield:

40%). Crystals of 3 suitable for X-ray studies were grown by vapor diffusion of dry diethyl ether into

a solution of 3 in dry CH2Cl2.
1H NMR (400 MHz, �, CDCl2, 25�C): 7.74-7.35 (m, 40H, C6H5), 4.37 (s, 8H, C5H4), 4.20 (s, 8H,

C5H4) ppm; 31P NMR (162 MHz, �, CDCl2, 25�C): ÿ17.7 (s) ppm.

In a different synthesis, a suspension of 0.17 g (1 mmol) CuCl2 � 2H2O in CH2Cl2 was treated with

a solution of 1.11 g (2 mmol) dppf in CH2Cl2 and stirred at room temperature. After 1 h, all

CuCl2 � 2H2O had dissolved, and a yellow precipitate formed which was ®ltered and washed with

petroleum ether. Crystals suitable for X-ray studies were grown by vapor diffusion of petroleum ether

into a solution of the compound in CH2Cl2. They proved to consist of 3 and not of the desired Cu(II)

analogue. In principle, oxidation of dppf can lead to reduction of Cu(I), and the 31P NMR spectrum

recorded before puri®cation showed peaks assignable to P(O).

Crystallography

Crystal data together with re®nement details for complexes 1, 2, and 3 are given in Table 3. The X-ray

data were collected on a MAR research plate system at Reading University using graphite MoK�

radiation. The crystals were positioned at a distance of 70 mm from the image plate. 95 frames were

taken at 2� intervals using a counting time between 2 and 10 min adequate to the crystal under study.

Data analysis was performed with the XDS program [13]. Intensities were not corrected for absorption

effects.

The systematic absences found for 1 are consistent with the orthorhombic space groups Pna21 or

Pnam. However, the mean values of jE2 ÿ 1j, calculated with SHELXS86 [14], showed an acentric

distribution of the E values for 0kl, h0l, and hk0 projections and full data. Furthermore, the symmetry

of the complex was not consistent with the crystallographic inversion center without a disorder

model. The Pna21 group was assumed as correct which was con®rmed by the successful structure

determination. The structures of 1, 2, and 3 were solved by a combination of the direct and Fourier

differences syntheses followed by least-squares re®nement. After all positions of non-hydrogen
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atoms had been located, it was obvious from the Fourier difference maps that solvent molecules were

present in the asymmetric unit of these complexes. Thus, one toluene molecule, two H2O molecules,

and one CH2Cl2 molecule, disordered over two positions, were found for 1, 2, and 3, respectively.

The occupancy factors of two H2O molecules were ®xed to 0.50 and 0.25 in order to give reasonable

isotropic thermal parameters and low R values. The same criteria led to an occupancy factor of 0.25

for two disordered positions of CH2Cl2 and 0.5 for toluene. The hydrogen atoms on the carbon atoms

were included in calculated positions and given thermal parameters equivalent 1.2 times those of the

atom to which they were attached. Hydrogen atoms of the H2O molecules in 2 and CH2Cl2 in 3 were

not introduced in the re®nement process. In 1 and 2, the PFÿ6 anions were disordered. In both cases

two sets of octahedral ¯uorine atoms were re®ned with occupancy factors of x, and 1ÿ x, x being

re®ned to 0.62(1) and 0.56(2) for 1 and 2, respectively. The dimensions of CH2Cl2 in 3 as well as of

PFÿ6 in 1 and 2 were constrained during the re®nement using the DFIX keyword. The toluene

molecule was re®ned as a rigid body. In 1, the metal centers as well as the phosphorus and oxygen

atoms were re®ned with anisotropic thermal parameters, whereas the carbon atoms and chlorine

atoms of CH2Cl2 were re®ned using only isotropic thermal parameters. The low quality of the X-ray

data as indicated by the high ®nal R values listed in Table 3 prevented the anisotropic re®nement of

all non-hydrogen atoms. The image plate pictures taken of the X-ray diffraction patterns from

different crystals revealed a low degree of crystallinity. All non-hydrogen atoms of 2 and 3 were

re®ned anistropically, except the disordered ¯uorine atoms, which were re®ned with isotropic group

temperature factors in both complexes. The oxygen atoms of water molecules in 3 were also re®ned

using isotropic thermal parameters. The structures were re®ned on F2 until convergence using the

Table 3. X-Ray data and structure re®nement details for complexes 1±3

1 2 3

Empirical formula C71.5H60CuF6Fe2OP5 C102H90Cu2F12Fe3O1.50P8 C69H57Cl4Cu2Fe2P4

M 1379.29 2110.13 1390.61

Crystal system orthorhombic monoclinic monoclinic

Space group Pna21 C2/c C2/c

a/AÊ 26.738(33) 33.383(42) 24.856(27)

b/AÊ 21.450(25) 15.175(18) 13.442(17)

c/AÊ 11.707(14) 26.050(30) 18.811(23)

�/� (90.0) 126.42(1) 93.12(1)

V/AÊ 3 6714.3 10619.1 6275.7

Z 4 4 4

Dc/g � cmÿ3 1.364 1.320 1.472

�/mmÿ1 0.918 0.980 1.435

F(000) 2828 4312 2824

� Range/� 2.69±24.07 2.64±25.98 2.01±25.98

Index ranges hkl 0,ÿ13,ÿ11 to 19,13,11 0,0,ÿ29 to 39,18,17 0,ÿ8,ÿ18 to 29,9,22

Re¯ections collected 6527 4642 5953

Independent re¯ections 3884 4642 3429

Rint 0.0629 0.0000 0.0288

Goodness-of-®t on F2 1.037 1.123 1.132

R and R0 (I > 2��I�) 0.0987, 0.2451 0.0859, 0.2545 0.0532, 0.1402

(all data) 0.1645, 0.2811 0.1187, 0.2790 0.0793, 0.1533

Largest diff. peak

and hole /eAÊ ÿ3

0.648, ÿ0.336 1.186, ÿ0.806 0.650, ÿ0.525
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SHELXL program [15]. Molecular and crystal packing diagrams were drawn with the PLATON [16]

and CERIUS2 [17] software. The X-ray date were deposited at the Cambridge Structural Data Base

(1: CSD 147330; 2: CSD 147331; 3: CSD 147332).

Electrochemistry

The electrochemical instrumentation consisted of a BAS CV ± 50 W Voltammetric Analyzer in

connection with BAS/Windows data acquisition software. All electrochemical experiments were run

under Ar at room temperature. Tetrabutylammonium hexa¯uorophosphate (Aldrich) was used as

supporting electrolyte; it was recrystallized from ethanol. Cyclic voltammetry experiments were

performed in a glass cell (MF-1082 from BAS) in a C-2 cell enclosed in a Faraday cage. The

reference electrode was Ag/AgCl (MF-2079 from BAS, ÿ44 mV relative to SCE). The reference

eletrode was calibrated with a solution of ferrocene (1 mM) to obtain a potential in agreement with

the literature value [18]. The auxiliary electrode was a 7.5 cm Pt wire (MW-1032 from BAS) with a

gold-plated connector. The working electrode was a Pt disk (MF-2013 from BAS, � ca. 0.022 cm2)

sealed in Kel-F plastic. Between each CV scan the wroking electrode was electrocleaned, polished

on diamond and alumina, cleaned with H2O/MeOH, and sonicated before use according to standard

procedures as given in the equipment manual. Solvents were dried as described above.

DFT calculations

Density functional calculations [6] were carried out using the Amsterdam Density Functional (ADF)

program [10] developed by Baerends and coworkers (release 2.3) [19]. The local exchange correlation

potential of Vosko, Wilk, and Nusair was used [20] together with Becke's nonlocal exchange [21] and

Perdew's correlation corrections [22]. Unrestricted calculations were performed for the paramagnetic

complexes. The geometry optimization procedure was based on the method developed by Versluis and

Ziegler [23] using non-local correction terms in the calculation of the gradients. Unrestricted

calculations were performed for the cation.

The structure of 2 described above was used to prepare input ®les for full geometry optimization.

The phenyl groups were replaced by hydrogen atoms. In all calculations a triple-� Slater-type orbital

(STO) basis set was used for Cu and Fe (4s, 4p, 3d); triple-� STO augmented sets with a 3d single-�

polarization function were used (C: 2s and 2p, Cl: 3s and 3p, P: 3s and 3p, H: 1s). A frozen core

approximation was used to treat the core electrons of C (1s), P (1s, 2s, 2p), Cl (1s, 2s, 2p), and Cu and

Fe (1s, 2s, 2p).
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